Background: Prediabetes defined by fasting plasma glucose (FPG) and glycosylated haemoglobin (HbA1c) predicts incident diabetes, but their individual and joint associations with micro-and macro-vascular risk remain poorly defined. Methods: FPG, HbA1c, coronary artery calcium (CAC), carotid wall thickness, estimated glomerular filtration rate (eGFR) and urine albumin-to-creatinine ratio (UACR) were measured in adults free from prior diabetes or cardiovascular disease (CVD) in the Dallas Heart Study 2 (DHS-2), a population-based cohort study. Prediabetes was defined by FPG 100-125 mg/dL and/or HbA1c 5.7%-6.4%. Multivariable logistic regression was used to analyse associations of HbA1c and/or FPG in the prediabetes range with subclinical atherosclerosis and renal measures. Results: The study comprised 2340 participants, median age = 49 years; 60% women and 50% black. Those with prediabetes were older (52 vs 48 years), more often men (63% vs 53%), black (53% vs 47%) and obese (58% vs 40%; p < 0.001 for each). Prediabetes was captured by FPG alone (43%), HbA1c alone (30%) or both (27%). Those with prediabetes by HbA1c or FPG versus normal HbA1c/FPG had more CAC [odds ratio (OR) = 1.8; 95% confidence interval (CI) = 1.5-2.2], higher carotid wall thickness (1.32 vs 1.29 mm, p < 0.001), eGFR < 60 mL/min [OR = 1.6 (95% CI = 1.1-2.4)], UACR > 30 mg/dL [OR = 1.8 (95% CI = 1.2-2.7)] and a higher odds for the composite eGFR + UACR [chronic kidney disease (CKD) ≥ 2] [OR = 1.9 (95% CI = 1.5-2.6)]. After multivariable adjustment, none of these associations remained significant. Conclusion: Prediabetes defined by HbA1c and/or FPG criteria is crudely associated with markers of diabetic macroand micro-vascular disease, but not after statistical adjustment, suggesting the relationships are attributable to other characteristics of the prediabetes population.
Introduction
Glycosylated haemoglobin (HbA1c) has been recently endorsed for screening and diagnosis of type 2 diabetes mellitus (T2DM) and to identify those at increased risk of T2DM (so-called prediabetes). Glucose thresholds for the diagnosis of T2DM have historically been established and validated in relation to micro-vascular disease risk, while prediabetes thresholds have been defined based on risk of progression to T2DM. 1, 2 In addition, associations of Association of prediabetes by fasting glucose and/or haemoglobin A1c levels with subclinical atherosclerosis and impaired renal function: Observations from the Dallas Heart Study prediabetes and T2DM with subclinical atherosclerosis and renal function risk have also been assessed, with T2DM robustly associated with these risk factors but with less consistent associations among those with prediabetes as defined by impaired fasting glucose (IFG = 100-125 mg/dL). [3] [4] [5] [6] [7] [8] [9] [10] In this context, the degree to which IFG and the more recently established HbA1c diagnostic thresholds for prediabetes individually and jointly associate with subclinical atherosclerosis and abnormal renal measures as antecedents to clinical complications of T2DM remains poorly defined.
We sought to evaluate the individual and joint associations of prediabetes defined by HbA1c and/or fasting plasma glucose (FPG) criteria with prevalent subclinical coronary and carotid atherosclerosis, as well as markers of nephropathy in a large population-based cohort of adults without T2DM.
Methods

Study population
The Dallas Heart Study 2 (DHS-2) is a longitudinal follow-up study of a subset of participants who completed the DHS-1, a probability-based population sample of Dallas County adults enrolled in 2000-2002 with study methods previously described, and participants who volunteered to undergo a second comprehensive clinical study assessment with repeat data collection between September 2007 and December 2009. 11 In addition to DHS-1 participants, the DHS-2 cohort was supplemented by recruitment of participants' spouses or significant others. These assessments included an extensive health survey, laboratory testing and imaging studies during a single-day visit to the University of Texas (UT) Southwestern Medical Center.
The present analyses are limited to DHS-2 participants without prevalent diabetes, defined by patient self-report accompanied by use of at least one prescription of glucoselowering medication, or incident diabetes, defined by FPG and/or HbA1c values above the diabetes threshold in the absence of previously diagnosed diabetes. The analysis cohort was further restricted to those who had complete clinical data collection including fasting blood samples, HbA1c measurements, urine samples, carotid magnetic resonance imaging (MRI) and coronary multi-detector computed tomography (MDCT) scans.
Blood and urine testing
After an overnight fast, venous blood was collected into ethylenediaminetetraacetic acid (EDTA) tubes, centrifuged at 1430g for 15 min at 4°C, and plasma was stored in aliquots at −80°C until analysis. Samples were thawed and measured in batch at study conclusion, except for HbA1c that was measured on whole blood at the time of specimen collection using an Ultra-2 affinity highperformance liquid chromatography assay (Trinity Biotech, Kansas City, MO, USA) at the UT Southwestern HbA1c reference laboratory. Detection limits and coefficients of variation of this assay have been previously published. 12 Glomerular filtration rate [mL/min/1.73 m 2 bovine serum albumin (BSA)] was estimated [estimated glomerular filtration rate (eGFR)] using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula: GFR = 141 × min [serum creatinine (Scr)/κ,1] α × max (Scr/κ,1) − 1.209 × 0.993 age × 1.018 (if female) × 1.159 (if black), where κ is 0.7 for females and 0.9 for males; α is −0.329 for females and −0.411 for males; min indicates the minimum of Scr/κ or 1 and max indicates the maximum of Scr/κ or 1. 13 Urine albumin and creatinine were measured on urine samples from the first morning void, and the urine albumin-to-creatinine ratio (UACR) was calculated in milligram per gram for each participant. A Beckman Coulter analyser (Beckman Coulter, Fullerton, CA, USA) was used for all biochemical measurements. Urine albumin was quantified by the turbidimetric method. Both serum and urine creatinine concentrations were determined by the alkaline picrate method. The coefficients of variation for these urine creatinine and albumin measures have been previously published. 14 
Imaging
Coronary artery calcium (CAC) was measured by MDCT and was performed on a single scanner (Toshiba Aquilion 64-Slice MDCT) with each participant scanned in duplicate with the calcium score averaged between the two scans, as previously reported. 15 Calcium scoring followed the protocol of the Multi-Ethnic Study of Atherosclerosis, and detection of calcium was based on a focus of calcium with ≥3 contiguous pixels at ≥130 Hounsfield units. 16, 17 Carotid MRI was performed using a Phillips Achieva 3.0T MRI system. In brief, the index carotid artery was imaged using four contrast weightings (T1, T2, proton density and time of flight) covering 20 slices (2 mm thickness) centred at the bifurcation. A trained technologist blind to study population characteristics interpreted the images using semi-automated software (VesselMASS). All imaging interpretation was performed with the reader blinded to all participant data.
Study variables and definitions
There were a total of 3401 DHS-2 participants, of whom 2676 were classified as normal or pre-DM. Of these 2676 participants, 2340 had CAC measurements and 1644 had carotid measurements. A history of gestational DM was not defined as DM in these analyses, unless the participant also was medically treated with a glucose-lowering drug at the time of study entry or had fasting glucose > 126 mg/dL or random glucose > 200 mg/dL or HbA1c > 6.5% in line with the overall definition of DM used in this dataset.
Race/ethnicity, history of cardiovascular diseases (CVDs) and smoking status were self-reported. Hypercholesterolaemia was defined as calculated low-density lipoprotein cholesterol (LDL-C) ≥ 160 mg/dL on a fasting sample, direct LDL-C ≥ 160 mg/dL on a non-fasting sample, total cholesterol ≥ 240 mg/dL or use of statin medication. Hypertriglyceridemia was defined as a fasting triglyceride concentration ≥200 mg/dL, and low high-density lipoprotein cholesterol (HDL-C) was defined as HDL-C < 40 mg/dL in men and <50 mg/dL in women. Blood pressure was measured in the sitting position with five sequential measurements averaged. Hypertension was defined as an average systolic blood pressure ≥140 mm Hg and/or diastolic blood pressure ≥90 mm Hg or use of antihypertensive medication. Framingham 10-year coronary heart disease (CHD) risk estimates were calculated according to the National Cholesterol Education Program -Adult Treatment Panel III report. 18 Prevalent CAC was defined as Agatston score > 10 as a data-derived threshold to maximise the signal-to-noise ratio and the reproducibility of the imaging studies. Mean common carotid wall thickness was defined as the mean thickness of the index common carotid artery 1 cm below the carotid bifurcation. CKD was categorically defined as eGFR < 60 mL/min/1.73 m 2 , corresponding to CKD stage ≥ 3. 19 Albuminuria was categorically defined as an UACR > 30 mg/g. 20 Given the small sample sizes within each subgroup, an additional composite definition of CKD ≥ 2 was also defined as eGFR < 60 or UACR > 30.
Statistical analyses
Baseline characteristics were compared between participants with normal glucose and those with prediabetes using the Kruskal-Wallis test for continuous variables and Pearson's chi-square test for categorical variables. Those with prediabetes were further stratified by diagnosis with FPG-only, HbA1c-only or both. Univariable and multivariable logistic and linear regression methods were used to analyse the associations between prediabetes classifications (overall and by diagnostic subsets) and prevalent CAC, carotid wall thickness, eGFR < 60 mL/min, prevalent albuminuria or meeting the categorical CKD ≥ 2 definition. Covariables included in the models were age, sex, race/ethnicity, smoking status, body mass index (BMI), hypertension, total cholesterol and LDL-C. Sensitivity analyses stratified by sex, race/ethnicity and BMI were also performed for descriptive purposes with formal interaction testing in each model for glycaemic category-bystratum. 21, 22 Additional sensitivity analyses were performed using the same modelling methods: (a) defining CAC prevalence by any Agatston score > 0 and (b) using the former classification of IFG defined by fasting glucose 110-125 mg/dL. All statistical analyses were performed using SAS version 9.2 (SAS Institute Inc., Cary, NC, USA).
Results
The study cohort comprised 1651 original DHS participants with an additional 689 spouses/significant others enrolled to yield a total sample of 2340 adults with complete data collection for the present analyses. There were no significant differences in demographics, baseline characteristics or medical history between eligible DHS completers who did versus did not participate in the follow-up DHS-2.
The baseline characteristics of the study cohort stratified by prediabetes status, overall and by diagnostic subgroups, are shown in Table 1 . Overall, there were 1585 (68%) participants with normal glucose metrics and 755 (32%) with prediabetes. Compared with the normal group [fasting blood glucose (FBG) < 100 mg/dL and HbA1c < 5.7%], individuals with prediabetes defined by either measurement had a higher CVD risk burden, including increased age, higher systolic blood pressure, Framinghamestimated 10-year CHD risk and BMI, with more family history of heart disease.
Among those with prediabetes, 329 (43%) were diagnosed by FPG alone, 222 (30%) by HbA1c alone and 204 (27%) by both FBG and HbA1c. When stratified by race/ ethnicity, a significantly higher proportion of blacks were identified as having prediabetes by HbA1c alone (74%), including 61% with prediabetes criteria by both HbA1c and IFG, compared with prediabetes by IFG alone (33%). Among Caucasians and Hispanics, FPG criteria identified a higher proportion (46% and 19% by FPG alone, respectively; 19% and 17% by a combination of both, respectively) compared with those with prediabetes identified by HbA1c alone (13% and 10%, respectively).
Age was not statistically different across these three mutually exclusive prediabetes diagnostic subgroups. Those with prediabetes by IFG alone were more commonly Caucasian or Hispanic and with less adiposity and higher triglycerides, whereas those classified by HbA1c alone were more commonly African American, smokers and had increased adiposity. While several blood pressure and lipid measurements yielded statistical differences across the three subgroups, overall the values were numerically comparable with small absolute differences of little clinical relevance between the groups.
Associations of prediabetes with subclinical atherosclerosis and nephropathy measures, overall and among prediabetes diagnostic subgroups, are shown in Table 2 . Compared with the normal glucose group, those with prediabetes by HbA1c and/or FPG had a higher crude prevalence of CAC (33% vs 22%; p < 0.001), higher mean common carotid wall thickness (1.32 vs 1.29 mm; p < (5) 14 (4) 13 (6) 14 (7) 0.008 0.411 CKD ≥ 2, n (%) 134 (9) 94 (13) 34 (10) 26 (12) 34 (17) <0 0.001) and higher prevalence of CKD either by eGFR < 60 alone (6% vs 3%; p < 0.004) or by UACR > 30 (5% vs 3%; p < 0.008) or by the composite CKD ≥ 2 definition (11% vs 8%; p < 0.001). Crude intergroup comparisons across the three prediabetes subcategories revealed no statistical difference in any of these five selected measures. Results from multivariable analyses of associations between prediabetes categories and CAC, carotid wall thickness, CKD and albuminuria overall unadjusted and fully adjusted are shown in Table 3 . After adjustment, no independent associations were observed between prediabetes, overall or by each of the diagnostic subsets, with subclinical atherosclerosis or nephropathy measures. When analyses were stratified by race/ethnicity, sex and BMI, the results were similar to the overall cohort, yielding no statistically significant associations in any of the subgroups and with no heterogeneity of associations observed for any of the characteristics of stratification (p interaction > 0.05 for all). Detailed subgroup analyses are presented in Supplementary Figures  1-5 online. Additional sensitivity analyses using CAC prevalence defined by Agatston score > 0 and IFG defined by FPG 110-125 mg/dL yielded qualitatively similar results, with no independent statistical associations observed (data not shown).
Discussion
The key observations of this study are as follows: (1) prevalence estimates for prediabetes vary significantly depending on whether FPG, HbA1c or both are used; (2) although race/ethnic differences were observed across the prediabetes subgroups, subjects meeting prediabetes definitions by IFG-only, HbA1c-only or both overall had generally similar cardiovascular risk profiles and similar crude associations with each of the intermediate markers of clinical disease assessed; (3) prediabetes was associated with a higher crude prevalence for CAC, greater carotid wall thickness, CKD and albuminuria compared with individuals with normal glucose, but after multivariable adjustment, prediabetes was no longer statistically associated with the preclinical phenotypes, independent of which criteria were met for prediabetes classification.
Racial differences in screening for prediabetes
Our study suggests that HbA1c and FPG perform differently by race or ethnicity in the identification of individuals in the prediabetes range with increased frequency of those meeting only the HbA1c criteria among African American participants representing almost three-quarters of this group, whereas IFG-only was most common among Caucasians representing about one-half of such participants. These observations have important clinical and epidemiologic implications. The quantitatively similar distribution of cardiometabolic risk factors and estimated CHD risk estimates between the prediabetes groups with IFG-only compared to HbA1c-only underscores the potential added value of HbA1c screening. Although without longitudinal assessment of risk of incident diabetes or clinical micro-and macro-vascular disease complications, the clinical relevance of this observation remains speculative. In the population perspective, the addition of the subset of individuals with prediabetes identified with HbA1c-only will increase population prevalence estimates that have been historically based primarily on IFG and/or glucose tolerance testing. The observed increased prevalence of abnormal HbA1c among African American participants compared with other race/ethnic subgroups is consistent with prior reports, where the addition of HbA1c criteria for the diagnosis of T2DM captures a higher percentage of African Americans than other racial or ethnic groups across a spectrum of age ranges. These differences may be due to underlying racial and ethnic differences in red blood cell survival, genetic determinants of haemoglobin glycation or variability of correlation between fasting glucose values and overall glucose exposure. [23] [24] [25] 
Prediabetes and atherosclerosis
Several previous cross-sectional studies have examined the association between fasting glucose and CAC, and a crude association has been reliably observed similar to the present findings. However, after multivariable adjustment to account for differences in patient mix, only about onehalf of the reported studies demonstrate persistence of the statistical association. [26] [27] [28] [29] The largest of the positive population-based studies reported that in 2184 non-diabetic participants, FPG was associated with prevalent CAC in men but not in women.
Additionally, an older definition of prediabetes was used, which was defined as fasting glucose 6.1-6.9 mmol/L (110-125 mg/dL), in contrast with this study using the contemporary threshold for FPG and evaluating potentially lower risk individuals given the younger age of our cohort. 26 However, variance in IFG definitions alone does not explain the discordant observations between the studies, as sensitivity analyses in the present dataset using the older definition of prediabetes yielded virtually identical results to the primary analysis, with no independent statistical associations with the clinical intermediates of interest. Our study also differs in the use of a more specific definition of CAC using Agatston score > 10 in contrast with CAC defined by any score. 27 However, sensitivity analyses in this study using the latter definition again did not alter the results. In addition, our study differs by increased representation of ethnic minorities and derives from a probability-based population sample, each of which may contribute to the discordant observations and augment the generalisability of the present observations.
The two largest studies reported to date, the Coronary Artery Risk Development in Young Adults (CARDIA) Study (n = 3043) and the Framingham Offspring Study (n = 3054), each showed no significant independent relationships between prediabetes and CAC. 28, 29 The DHS population is notably younger compared with prior cohorts in which similar analyses have been executed, and associations between prediabetes categories and the outcomes of interest could be more evident in older populations. However, previous studies evaluating associations between prediabetes and CAC in the Framingham Offspring Study and the CARDIA Study, both with populations on average 10 years older than DHS, have also failed to demonstrate independent associations between prediabetes and CAC consistent with the present findings.
There are several notable differences between this study and these two prior studies. CAC prevalence was defined in the Framingham study using data-derived age-and sex-specific top 90th percentile cut-off, while the CARDIA investigators used a definition for prevalent CAC of Agatston score > 0. Previous analyses within the DHS dataset have shown that Agatston score > 10 maximises the signal-tonoise ratio and minimises the interscan variability in our population. 17 Another key difference is the lack of HbA1c measurements in both the CARDIA and Framingham studies, with prediabetes defined exclusively with FPG. Additionally, Framingham Offspring Study included a racially homogeneous population, while CARDIA only had 17% African Americans. A sensitivity analysis stratified by Caucasians and African Americans in our study did not reveal heterogeneity of associations between the group, with results similar to those in the overall cohort.
Carotid wall thickness is independently predictive of cardiovascular risk when added to conventional cardiovascular risk factors and is an intermediate measure of subclinical atherosclerosis in the carotid vasculature. 30, 31 Few studies to date have assessed the associations between prediabetes and carotid wall thickness. In a cross-sectional study of Italian adults, no independent association was observed between prediabetes, defined by FPG and/or HbA1c criteria, with carotid intima-media thickness, similar to the present findings. Also similar to the present observations, prediabetic participants in that study whether identified by HbA1c alone or in combination with FPG had comparable cardiometabolic risk profiles.
Impaired renal function
For patients with abnormal glucose metabolism, guideline recommendations suggest screening for CKD only in individuals with diabetes. Analyses from the National Health and Nutrition Evaluation Survey (NHANES) 1999-2006 dataset revealed 17% prevalence of CKD after adjustment for age, sex and race/ethnicity among participants with prediabetes, representing an adjusted prevalence 45% higher than observed in participants with normal glucose metrics. 32 To the contrary, analyses of longitudinal data from the Framingham study found no increase in the incidence of CKD associated with prediabetes after adjustment for age, sex, BMI and conventional cardiovascular risk factors, suggesting that the crude association is accounted for by differences in patient characteristics, commensurate with observations in this study. 33 
Study strengths and limitations
The strengths of this study include the population-based sampling comprising the cohort which enhances generalisability, over-sampling of African Americans to augment analyses across a diverse race/ethnicity cohort, the granular phenotyping for subclinical micro-and macro-vascular disease intermediates and the measurement of HbA1c in a national reference laboratory. Limitations include the cross-sectional nature of the study with no ability to replicate the glycometabolic measures, lack of data from glucose tolerance testing and lack of longitudinal follow-up data to analyse incidence of diabetes and progression to clinically relevant renal and CVD.
Conclusion
We found no independent association between prediabetes diagnosed by HbA1c and/or FPG and subclinical atherosclerosis or impaired renal function. Therefore, prediabetes per se, without the presence of other cardiovascular risk modifiers, may not signify elevated atherosclerotic or renal risk in an otherwise healthy population.
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